Crossover of flexural wave dispersion recorded in cross-dipole measurements is interpreted as an indicator of stress-induced anisotropy around a borehole. We investigate different factors that influence flexural wave dispersion. Through numerical modeling, we show that for a circular borehole surrounded by an isotropic formation that is subjected to an anisotropic stress field the dipole flexural dispersion crossover is detectable only when the formation is very compliant. This might happen only in the shallow subsurface or in zones having high pore pressure. However, we show that dipole dispersion crossover can also result from the combined effect of formation intrinsic anisotropy and borehole ellipticity. We find that a small change in borehole ellipticity (e.g. ratio of maximum to minimum borehole radii ~ 1.1) and 1% intrinsic anisotropy can result in a resolvable crossover in flexural dispersion that might be erroneously interpreted as borehole stress-induced anisotropy. A thorough and correct interpretation of flexural dispersion crossover thus has to take into account the effects of both stress-induced and intrinsic anisotropy, and borehole ellipticity.
Introduction
Crossover of borehole flexural wave dispersion curves, in which the azimuthal orientations of fast and slow waves differs at low and high frequencies, has long been taken to be an indicator of borehole stress-induced anisotropy. Sinha and Kostek (1996) found that the crossover can be caused by anisotropic formation stresses that induce radial heterogeneities in acoustic wave velocities that vary with azimuth relative to the two principal stresses perpendicular to the wellbore. Dipole flexural dispersion crossover is interpreted as an indicator of borehole stress-induced anisotropy because the crossover cannot occur for a circular borehole located in a homogeneous anisotropic formation (Sinha and Kostek, 1996; Sinha et al., 2000) . Most previous studies of the effect of borehole stress-induced anisotropy on dipole flexural dispersion have only considered the effects of uniaxial or biaxial stresses on the wellbore, because the azimuthal dependence of flexural dispersion has been assumed to depend only on the differential stress (i.e. S H -S h ), which induces the azimuthal variation in hoop stress around a borehole. However, the overburden stress (i.e. S V ) is usually the maximum principle stress in vertical boreholes. It exhibits a frequency dependent effect on sonic wave velocity because of the radially varying stress concentration (Sinha, 2001) . It is important to investigate the borehole dipole response under triaxial stress compression, which is the realistic stress state in the earth.
Splitting of dipole flexural waves into fast and slow components can be caused by borehole stressinduced anisotropy, formation intrinsic anisotropy caused by geological structures, such as bedding, microstructure, or aligned fractures, and borehole ellipticity (Sinha et al., 2000) . If we consider their effects separately, only borehole stress-induced anisotropy can cause the flexural dispersion crossover. However, these three factors may occur together in the earth and affect sonic wave propagation simultaneously. Velocities of low frequency flexural waves approach to the velocity of the virgin formation, while velocities of high frequency waves are more sensitive to borehole ellipticity. When the formation exhibits transversely isotropic anisotropy and its symmetry axis aligns with the short dimension of a noncircular borehole, a crossover in flexural dispersion might occur.
We first simulate the effect of stress-induced anisotropy on dipole flexural dispersion when a borehole is under triaxial stress compression. We then model the effect of intrinsic anisotropy and borehole ellipticity and show that there is another possible interpretation of dipole dispersion crossover.
Effect of stress-induced anisotropy on flexural dispersion
To model the effect of borehole stress concentration on the elasticity of the formation around a borehole, we use the method of Fang et al. (2013) to calculate the stress dependent stiffness of the formation around a borehole for a given stress state. In this approach, we use laboratory measured Pand S-wave velocities versus hydrostatic pressure data to calculate the stress dependent crack compliance of a given rock sample that is taken to represent the formation rock around the borehole. We then iteratively calculate the stress distribution around the borehole using a finite element method and update the model stiffness tensor, which is a function of space, according to the closure of the micro-cracks in the rock caused by the compression of normal stress acting on crack surfaces, which is determined by the stress dependent crack compliance obtained from the first step. When the iteration converges, the output from this approach is the stiffness tensor (21 elastic constants) of the model as a function of space and applied stresses. This is a purely elastic method, so the effect of rock failure is neglected in modeling. This method provides a means to obtain an anisotropic elastic borehole model that accounts for the constitutive relation between an in situ stress field and the stiffness tensor for a rock.
We use the velocity versus pressure data for three different sandstone samples measured by Coyner (1984) , as shown in Figure 1 , to construct borehole models for three different formation rocks. Densities are 2197, 2017 and 2392 kg/m 3 for the Berea, Kayenta and Weber sandstone samples, respectively. The velocity versus pressure data are the input for the method of Fang et al. (2013) to build the elastic borehole models for the subsequent acoustic simulations. A finite difference program (Cheng et al., 1995) is used in the wave propagation simulation. In the borehole models, borehole radius is 10 cm and borehole axis is along the z direction. Maximum horizontal stress S H , minimum horizontal stress S h and vertical stress S V are along the x, y and z directions, respectively. A dipole source with 3 kHz Ricker wavelet is used. A receiver array extending along the z direction is 5 cm away from the borehole center in the dipole inline direction. The first receiver is 2 m away from the source and an additional 50 receivers with 4 cm spacing are positioned at distances between 2 to 4 m. A perfectly match layer absorbing boundary condition is added to all boundaries of the model. Coyner, 1984) .
Figure 1 P (solid squares) and S wave (open squares) velocities for three sandstone samples versus confining effective pressure (from
As in Sinha et al. (2000) , we decompose the stress field into a hydrostatic stress S V and deviatoric stresses S H -S V and S h -S V , to analyze the effect of in situ stresses on borehole sonic wave propagation. In previous studies of Sinha and Kostek (1996) and Tang et al. (1999) , borehole stress-induced anisotropy is assumed to be caused by the deviatoric stresses that impose the azimuthally varying hoop stress near the wellbore, while the hydrostatic stress is assumed to only alter the whole model from the zero stress state to some reference hydrostatic state that can be superposed on the biasing stress-induced changes. However, while hydrostatic stress does not cause azimuthal variation in the hoop stress, it is effective in stiffening a rock and making the deviatoric stresses less efficient in producing stress-induced anisotropy around a borehole. In our numerical modeling, we simulate three different stress states by changing S V from 5 to 20 MPa to model the change of overburden stress with depth while keeping the deviatoric stresses S H -S V and S h -S V at 5 and -5 MPa. flexural dispersion curves for all models are clear and they intersect at about 4 to 5 kHz. However, for models with S V =10 and 20 MPa, the separation of the two flexural dispersions is so small that the dispersion crossover is hard to distinguish. Resolution of flexural wave slowness measured by a dipole sonic tool in the field is a few percent, for example 1 to 2% in a stiff limestone reservoir (Sinha et al., 2000) . The dispersion difference shown in Figure 2 is less than 1% when S V ≥10 MPa, indicating that the flexural dispersion crossover is unresolvable. The results shown in Figure 2 imply that the flexural dispersion crossover is hard to detect when a borehole is subjected to triaxial compression that contains a significantly large hydrostatic component. This suggests that flexural dispersion crossover may be detectable only in the shallow subsurface or in high pore pressure zones with small effective hydrostatic pressure when a strong enough differential stress is present.
Effect of intrinsic anisotropy and borehole ellipticity on flexural dispersion
In the previous section, we discussed the flexural dispersion crossover caused by borehole stressinduced anisotropy. In this section, we will show that the flexural dispersion crossover can also result from the combined effect of formation intrinsic anisotropy and borehole ellipticity.
We assume the formation around a borehole exhibits transversely isotropic anisotropy with the symmetry axis along the y direction (i.e. HTI symmetry). To simplify the discussion in the following analysis, we only consider elliptical anisotropy with the Thomsen anisotropic parameters ε=γ and δ=0. Because there is no stress dependent effect in the simulations of this section, formation rock type is not considered. We take the P and S-wave velocities of the Berea sandstone sample at zero stress state as the horizontal P and S-wave velocities of the HTI formation along the symmetry axis direction (i.e. the y direction) and use the given anisotropic parameters (ε=γ, δ=0) to calculate the stiffness tensor of the formation. For a circular borehole in a HTI formation with the symmetry axis normal to the borehole axis, dipole flexural waves split into fast and slow waves whose dispersion curves that separate at low frequencies (e.g. approach the equivalent formation slowness) while gradually merging toward each other at high frequencies (e.g. strongly influenced by borehole fluid), thus they do not exhibit a crossover (Sinha et al., 2000) . Boreholes drilled in the earth are often noncircular. Boreholes with noncircular cross-sections can also cause the splitting of flexural waves. We use an ellipse to represent a noncircular borehole. Borehole ellipticity is e=a x /a y . a x (major radius) and a y (minor radius) are the borehole radii along the x and y directions, respectively. We only vary the major radius a x to change the borehole ellipticity while fix a y at 10 cm. major axis along the x direction is surrounded by a HTI formation with the symmetry axis along the y direction, flexural waves in the x direction are faster at low frequencies while becoming slower at high frequencies compared to those in the y direction. This results in a dispersion crossover, as shown in Figure 3 . The two flexural dispersion curves clearly show a crossover even when e=1.1 and ε=γ=0.01. Figure 3a3 does not show a dispersion crossover because the formation anisotropy (ε=γ=0.05) is strong enough to overwhelm the effect of borehole ellipticity (e=1.1) in the studied frequency range and shift the crossover to a higher frequency beyond 7 kHz. When the borehole ellipticity increases to 1.2, as shown in Figure 3b3 , the dispersion crossover appears again in the studied frequency range. Comparing Figures 2 and 3 , we can see that the dispersion crossover caused by the combined effect of formation intrinsic anisotropy and borehole ellipticity can appear at a frequency (4~5 kHz) similar to that caused by stress-induced anisotropy.
We demonstrate here that flexural dispersion crossover can result not only from borehole stressinduced anisotropy but also from the combined effect of formation intrinsic anisotropy and borehole ellipticity. Flexural dispersion crossover is not always the indicator of borehole stress-induced anisotropy.
Conclusions
We have shown that the flexural dispersion crossover can be caused either by borehole stress-induced anisotropy or by the combined effect of formation intrinsic anisotropy and borehole ellipticity. When a borehole is subjected to triaxial stress compression in the earth, the flexural dispersion crossover caused by borehole stress-induced anisotropy is detectable only when the formation is sufficiently compliant and the hydrostatic stress S V is small (<10MPa). This indicates that borehole stress-induced anisotropy is possible to be the cause of flexural dispersion crossover only in the shallow subsurface or in high pore pressure zones, where the effective hydrostatic stress is small. However, the flexural dispersion crossover caused by formation intrinsic anisotropy and borehole ellipticity can occur at any depth when the formation anisotropy symmetry and borehole ellipticity meet certain criterion, which is not hard to be satisfied since a small change in borehole ellipticity (e.g. e=1.1) and very weak anisotropy (~1%) are enough to generate the dispersion crossover. Therefore, we have to consider the total effect of both stress-induced and intrinsic anisotropies and borehole ellipticity in order to obtain a correct interpretation when we encounter a crossover in dipole flexural dispersion.
